relocalization of Net1A outside the nucleus that was as strong as that caused by co-expression of isoforms contain additional, unrecognized NLS sequences that contribute significantly to their 1 3 7 nuclear localization. Identification of acetylated residues within Net1A
It has been shown previously that breast cancer cells mainly require Net1A, but not Net1, plasma membrane (Carr et al., 2012) . To understand how Rac1 promotes Net1A relocalization, analysis did not show any differences in Net1A phosphorylation, however, it did identify a 1 4 7
potential acetylation site at K83. To determine whether additional acetylation sites exist within 1 4 8 8 equivalent to that observed when NLS2 alone was mutated (Fig. 1E, F) . Importantly, this effect 1 8 0 required the N-terminal acetylation sites within Net1A, as mutation of K83 and K95 to arginines 1 8 1 largely prevented Net1A relocalization by TSA (Fig. 3A , B).
8 2
To determine whether acetylation of Net1A was sufficient for relocalization, the Net1A 1 8 3 acetylation sites in the N-terminus or the DH domain were mutated to the acetylation mimic 1 8 4
glutamine. The subcellular localization of these mutant Net1A proteins was then tested. In these 1 8 5
experiments we found that mutation of lysines 83 and 95 to glutamine (Net1A 2K/Q) caused a 1 8 6
modest but significant relocalization of Net1A outside the nucleus (Fig. 3C ). This was in contrast 1 8 7
to glutamine substitution of the DH domain acetylation sites (Net1A 4K/Q), which had no effect 1 8 8
on Net1A localization. In addition, mutation of all six lysines to glutamine did not result in 1 8 9
greater Net1A relocalization than glutamine substitution of the N-terminal sites alone (Net1A
6K/Q) (Fig. 3C, D) . These data suggest that acetylation of the amino-terminal sites, but not the
DH domain sites, is sufficient to relocalize Net1A outside the nucleus. The N-terminal acetylation sites within Net1A are required for EGF-stimulated As Rac1 stimulates Net1A relocalization outside the nucleus, we reasoned that growth
factors that stimulate Rac1 activity, such as EGF, may also cause Net1A relocalization. To test
this, MCF7 cells were transfected with control or Rac1 siRNAs, and then re-transfected with
HA-Net1A. After starvation overnight, the cells were stimulated with EGF for 15 minutes and 1 9 9
Net1A localization was assessed. We observed that EGF stimulated Net1A relocalization outside 2 0 0 the nucleus, and that this was completely dependent upon Rac1 expression (Fig. 4A, B ).
0 1
We then examined whether the N-terminal acetylation sites of Net1A were required for We and others have found that Net1A must relocalize outside the nucleus to stimulate 2 1 5
RhoA activation and F-actin accumulation (Carr et al., 2012; Qin et al., 2005 ; Schmidt and Hall, its extranuclear localization, we tested whether this also resulted in an increase in RhoA activity. were then starved overnight, lysed, and RhoA activity was measured using a G-LISA assay. In
these experiments overexpression of wild type Net1A did not cause a significant increase in
basal RhoA activity. This is consistent with the predominantly nuclear localization of wild type
Net1A in unstimulated MCF7 cells. On the other hand, expression of Net1A K83/95Q caused a 2 2 3 significant increase in RhoA activation (Fig. 5A, B knockout MEFs were transfected with Myc-epitope tagged β-galactosidase containing the NLS we observed that wild type MEFs contained significantly more F-actin than Net1 knockout
MEFs, and that expression of NLS-β-Gal did not rescue F-actin content (Fig. 6A, B ). This is To further support a role for N-terminal acetylation of Net1A in its cellular function, we
tested the requirement for these sites in focal adhesion development. The maturation of nascent focal contacts to focal adhesions is a RhoA driven process that is typified by an enlargement in Huveneers and Danen, 2009; Parsons et al., 2010 ). Thus, we tested the ability of transfected
Net1A to increase focal adhesion size and phospho-tyrosine (pY) content in Net1 KO MEFs. As size than wild type MEFs, and this was not altered by expression of NLS-β-GAL ( Fig. 6C -E).
7 3
However, expression of wild type Net1A effectively increased pY area within individual focal 6C, E). Notably, expression of Net1A K83/95R did not rescue pY content within focal adhesions,
while expression of Net1A K83/95Q potently restored pY staining ( Fig. 6C-E relocalization outside the nucleus and, therefore, its cellular activity. However, mechanisms controlling the subcellular localization of Net1A are not well understood.
8 4
In the present work we have shown that Net1A contains two NLS sequences in its N-terminal 2 8 5 regulatory domain, and that acetylation near the second of these sequences negatively regulates 2 8 6
Net1A nuclear localization. Furthermore, we demonstrated that EGF-stimulated export of Net1A
from the nucleus requires the presence of the N-terminal acetylation sites, and that these sites are acetylation, and offer insight into the mechanism by which Rac1 controls Net1A relocalization
outside the nucleus.
As a single NLS sequence is normally sufficient to promote nuclear import of a protein, it
is curious that multiple NLS sequences are present in both Net1 isoforms. Presumably this
provides the opportunity for concurrent interaction with multiple nuclear importins to ensure 2 9 5 rapid nuclear import, as well as allowing for modulation of the rate of nuclear import by
acetylation of an NLS sequence. This suggests that it is extremely important for a cell to control 2 9 7
the length of time that Net1 isoforms are available in the cytosol to stimulate RhoA activation.
9 8
Indeed, multiple mechanisms have been shown to limit the cytoplasmic accumulation and functionally related. For example, the ubiquitylation sites within Net1A have not been identified,
and it is possible that Net1A acetylation prevents its ubiquitylation by modifying the residues Thus, Net1A acetylation may serve the dual purpose of impeding nuclear re-import as well as Net1A. However, it is now apparent that Rho GTPase activation is highly localized within a cell, It is probable that N-terminal acetylation of Net1A is only part of the mechanism 3 2 9
controlling its extranuclear localization. Others have shown that N-terminally truncated Net1 inhibitor of the nuclear exportin CRM1, and that the PH domain of Net1ΔN is required for its 3 3 2 nuclear export. However, this domain does not contain a canonical nuclear export signal (NES)
sequence, suggesting that Net1 interacts with another NES-containing protein to allow for the nucleus and plasma membrane, and that in an unstimulated cell they accumulate in the with ligands such as EGF causes N-terminal acetylation of Net1A, thereby slowing its nuclear re-import and causing the accumulation of Net1A outside the nucleus. Taken together these data support a model (Fig. 6F) Net1A degradation by the proteasome. Thus, important issues for future study will be to identify 3 4 7 mechanisms that permit Net1A nuclear export, and to better understand the relationship between controlling Net1A localization and activity has important implications for processes that require including breast cancer, and this may be a mechanism by which cancer cells maintain elevated
RhoA activity to promote extracellular matrix invasion. In the future it will be important to (Hyclone), supplemented with 10% fetal bovine serum (FBS; Invitrogen) and 100 U/ml penicil- lin and 100 μg/ml streptomycin (HyClone). Mouse embryonic fibroblasts (MEFs) were grown in 3 6 4 DMEM plus 10% FBS and 100 U/ml penicillin, 100 μg/ml streptomycin. Plasmids were phospho-tyrosine containing focal adhesions was assessed using the particle analysis function of 4 2 2
Image J, with a cutoff of 1 µm 2 to eliminate non-specific background staining. Unless otherwise 4 2 3 stated, statistical significance was determined by Student's unpaired t test. glycerophosphate, 50 mM NaF, 1 mM sodium orthovanadate, 1 mM EDTA, 10 μg/ml leupeptin,
10 μg/ml pepstatin A, 2 μg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride) and HA-Net1A Mass Spectrometry Facility at the Harvard Medical School, on a fee for use basis. with Net1A plasmids were treated overnight with 400 ng/ml TSA and 20 mM Nicotinamide ice for 10 min, and insoluble proteins were pelleted by centrifugation (16,100 x g, 10 min., 4°C).
Equal amounts of soluble lysate were incubated for 1h at 4°C with mouse anti-HA antibody For measurement of RhoA activity, MCF7 cells were transfected with empty vector, HA-
Net1A or HA-Net1A K83/95Q, and starved overnight in DMEM plus 1% FBS and 4 5 1 penicillin/streptomycin. Cells were lysed and RhoA activity was measured using a G-LISA assay Errors are SEM. *** = P<0.001. Net1A localization. Shown is the average of three independent experiments. Errors are SEM. * = 5 2 7
P<0.05; ** = P<0.01. Quantification of Net1A localization. Shown is the average of three independent experiments. four independent experiments. Errors are SEM. *** = P<0.001. with wild type Net1A or Net1A K83/95Q. Binding of Net1A proteins to GST-A17RhoA was in each pulldown. Shown is the average of three independent experiments. * = P<0.05. encoding the proteins shown, starved overnight, and fixed and stained for the expressed protein encoding the proteins shown, starved overnight, and fixed and stained for the expressed protein Quantification of pY area per focal adhesion (FA). Shown is the combined data from four acetylation. Blue circles = acetyl groups. Journal of Cell Science Accepted manuscript
